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Fig.1 TImproved algorithm of polarized meridian plane Monte Carlo program
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E must be referenced to the scattering plane BOA; (c) scattering at the scattering plane BOA; (d) after scattering, the reference

plane is aligned to a new meridian plane COB
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Table 1 Normalized Stokes parameters of right-handed

circularly polarized photons

Number So § S5 S5
1 1 0.0978 0. 0603 0.9934
2 1 0.0797 0.0734 0.9941
3 1 0. 0493 —0.1296 0.9940
4 1 —0.5137 0.4582 0.7253
5 1 0.1399 —0.1423 0.9799
6 1 —0.4392 0.7997 0.4093
7 1 —0.1039 0.8671 0.4870
8 1 0.0158 0.0097 0.9998
9 1 0.1943 0.1482 0.9697
10 1 —0.1985 —0.0957 0.9754
11 1 —0.0623 0.3011 0.9516
12 1 0. 2486 —0. 3547 0.9013
13 1 —0.0314 —0.2858 0.9577
14 1 —0. 2427 —0.3231 0.9147
15 1 0.5121 0. 0408 0. 8579
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A T 150 B e A% B RE AR W B 4 TR o B IO
+ 5016 O AH I B 8 bR b U — 4k Stokes Z & 5, 1
[0.965,1.0000] X [a], &8 118 A H UG+ B9 5,53 A 1
o FH 4 TT RN A B PR O AR S L Ot IH —fk
Stokes Z & 5,8 fL L& Al , s, (H AE[0. 965, 1. 000 ] [X. [a] (1)
K- B IR 6T 534>

Shy 4t A T 1) BSO8R S AR Ak SE T g
EXT S RoPS, HoE X i 4 R A PR 45 %

TR SR, RoPS 1 35 2
N (6)
Now
S N, 27 2 A T O RO 4 8 TR N R
T 0 2R ¢ T 5 9 0 A T ELAT LR 9
i 5 £ 275 € OB T 128 FEH 5 67 5 Stokes
B HIE R 3L
SR 15 51 7K - 2 (R 15 B BE A 1 Ny =0, 13,

RoPS ——

1829001-4



"

43 % £ 18 H1/2023 £ 9 B /¥ ¥R

P4 AT 150 i 9 D' A% i RE A 43 A1 o (a) HOIR L (b) B 3k
Fig.4 Sample distribution of right-handed circularly polarization photons. (a) Histogram; (b) radar chart

5 REAR ZE R T AL SR 78 N =0. 14 3K i 75 5
1 W 50 5 5 15 6 BE 7K 1) Nope =0. 53, 5% FH AT 7 1 3
R WG REA S YR E B R Ne=0. 5.
BEAC T3 245 5 5 MR T 4 A
4 GERIHY

5 7 R T A B v 5 B R LA, AT

Q0
olole,
QD
OO0
orons ity

e+ 28 BT A B DR 55 ) i 45 R O Stokes &
it AR B g S R O T BU 5 9 iR 6 R S
AR T4

K AR B 147 1 52 R R O O Y e ik
Ao R AR R —w 4 06 F B S, ol
&% 100000 A~ 7K ~F- 2k i 41 Ot Fit A € (8] O IR O+ o
72 2 i o SO Y Stokes K

—

SO
S original
1 algorithm

SZ

S3
OOOOP>» N

optimization
OQ Q0 algorithm
o0’ @ s,
L] LG ¢

PS5 TR 5 Bk B Y LA

Fig. 5 Comparison between original algorithm and improved algorithm

22 WM Stokes 4 i
Table 2 Stokes vectors of output light

Horizontal linearly Right circularly

Light . . s
polarized light polaried light
0. 6500 0. 6502
0.4148 —0.0018
Stokes vector
—0.0038 0. 0021
—0. 0024 0. 5448

K AT 20 K OF 2w IR O% 1L B S 2 R IR
Puyp=0.4073, 47 W€ 18 fi = 06 1% % 55 09 15 D PR B
Pioe»=0.8379, L3125 T %0, £t Ak 55 2% 1 i 41
FERAE YN T RE LR X R I AR

ML kE T IE 22 3 B OG5 B 22 (E TSI A B IR 22, i HL M
TR 5 W0 46 6 ROR S A AT BT A

L Ab TR it 4 2R AL R i A A SO 1 i
PRAS SR T O T 2 B R A RO
5 i A R A A TG IE WSS S PR T RS I O D 4R TR
Rt ol 0 o0 o DE AR SR 3 1 i o B A Ot 1 fi Ik
SRR, IF B G5 W0 5RO 1 Ik 25 40 590 18
FRE W B0 7 K. D0 AR Bk AN A RE A8 S ROt - fi
PRSI AR AN B0, 10 EL RE 48 70 BT Dt 41RO F17 45 Pk R4 Y
G L XN 22 4 T S e T A i ' A R S 0 A
B

1829001-5



$ 435 F 18 HI/2023 £ 9 B/ REFEFR

5

2k 7
B —F R TFIRIE T4 P R

T R RERS RO A i O T I R AR A O HLRERS
e 5 W14 O 1 i A 25 A T B O T 8RB IOt
Heo PEALTT i A URE S S 1 O 4R 25 19 A2 AR5 B
17 H. BE A% ZE T Ik OR 1 5 1E R4 6 T 80d e o X9k
b TSR Sigp 2 A T E LB G 1 A% i AR 0 P BB o AR AL
58 42 KV 2 Al IR 06 15 2 A B8] 4R D' 78 2R K £ 0
Y YR A T 1) £ i R e R L i TR
LI AT AT Rk T O 1 A% i AR 5 9 42 IURT 5 B
P B0 S8

(1]

(3]

[4]

(7]

(8]

[9]

Z £ x #t

Ditt, s8R, BT 5F . B TORHUS 585 R k1 5 A i Bk
BRI #OL S T2, 2021, 58(17): 1701001,

Li X, Zhang R, Lu S F,
employing Mie scattering Monte-Carlo method for cloud-based

et al. Ultraviolet polarization

navigation[J]. Laser & Optoelectronics Progress, 2021, 58(17):
1701001.

WRA, MAIL, XUAENE, &5 . HLAE 6 T5 20 BF S MO & Ik 3
MR A R BT FELT]. i EOE, 2020, 47(7): 0710003,
Xu JJ, Bu L B, Liu J Q, et al. Airborne high-spectral-
resolution lidar for atmospheric aerosol detection[J]. Chinese
Journal of Lasers, 2020, 47(7): 0710003.

AR, RERE, XSRS, AR T RO R UL
Y AR I R ], 62 2R 4], 2022, 42(12): 1200001,

Tang J W, Zhu P Z, Liu B'Y, et al. Polarized light scattering of
particulate matter in detection of oceanographic profiling LIDAR
[J]. Acta Optica Sinica, 2022, 42(12): 1200001.

XLLAR . D& T BUR R BT 58 BR i — 2 BB [T]. 2050 506 T
&, 2022, 51(8): 20220261.

Liu H L. Some thoughts about the current research situation of
imaging through scattering media[J]. Infrared and Laser
Engineering, 2022, 51(8): 20220261.

i i, AR TR UM A O i A A A Y T G T UK
BEFHIM. JEt: i AL, 2010.

He X Q, Pan D L. Ocean-atmosphere coupling vector radiation
transmission model and its remote sensing application[M].
Beijing: Ocean Press, 2010.

Lerner A, Shashar N. Polarization vision in cephalopods[M]//
Horvath G. Polarized light and polarization vision in animal
sciences. Springer series In vision research. Heidelberg:
Springer, 2014, 2: 217-224.

Zeng X W, Chen X Y, LiY H, et al. Polarization enhancement
of linearly polarized light through foggy environments at UV-
NIR wavelengths[J]. Applied Optics, 2021, 60(26): 8103-8108.
S, ARV, FELE, S IR B B R P
(J]. £05h 5306 TR, 2020, 49(6): 20201013,

Guo Z Y, Wang X Y, Li D K, et al. Advances on theory and
application of polarization information propagation[J]. Infrared
and Laser Engineering, 2020, 49(6): 20201013.

Hou W Z, LiZ Q, Wang J, et al. Improving remote sensing of
aerosol microphysical properties by near-infrared polarimetric

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

1829001-6

measurements over vegetated land: information content analysis

[J]. Journal of Geophysical Research: Atmospheres, 2018, 123
(4): 2215-2243.

Sankaran V, Walsh J T, Jr, Maitland D J. Polarized light
propagation through tissue phantoms containing densely packed
scatterers[J]. Optics Letters, 2000, 25(4): 239-241.

van der Laan J D. Evolution and persistence of circular and linear
polarization in scatting environments[D]. Tucson: University of
Arizona, 2015.

Fade J, Panigrahi S, Carré A, et al. Long-range polarimetric
imaging through fog[J]. Applied Optics, 2014, 53(18): 3854-
3865.

Liu J, Liu J H, He X Q, et al. Retrieval of marine inorganic
particle concentrations in turbid waters using polarization signals
[J]. International Journal of Remote Sensing, 2020, 41(13):
4901-4922.

Collin C, Pattanaik S, LiKamWa P, et al. Discrete ordinate
method for polarized light transport solution and subsurface
BRDF computation[J]. Computers &. Graphics, 2014, 45:
17-27.

Tapimo R, Kamdem H T T, Yemele D. A discrete spherical
harmonics method for radiative transfer analysis in
inhomogeneous polarized planar atmosphere[J]. Astrophysics
and Space Science, 2018, 363(3): 52.

SR, SRR B 2R RS TT R K a0 i Pk A ],
LEAMS BRI, 2017, 36(4): 453-459.

Zhang Y, Zhang Y, Zhao H J. A skylight polarization model of
various weather conditions[J]. Journal of Infrared and Millimeter
Waves, 2017, 36(4): 453-459.

Markel V A. Two-stream theory of light propagation in
amplifying media[J]. Journal of the Optical Society of America
B, 2018, 35(3): 533-544.

Yin Q,
approximation for radiative transfer in scattering atmosphere[J].

Song C. Fundamental definition of two-stream
IEEE Transactions on Geoscience and Remote Sensing, 2022,
60: 2003614.

Ramella-Roman J C, Prahl S A, Jacques S L. Three Monte
Carlo programs of polarized light transport into scattering media:
part I[J]. Optics Express, 2005, 13(12): 4420-4438.
Ramella-Roman J C, Prahl S A, Jacques S L. Three Monte
Carlo programs of polarized light transport into scattering media:
part Il [J]. Optics Express, 2005, 13(25): 10392-10405.

Alfano R R, Wang W B, Wang L. M, et al. Light propagation in
highly scattering turbid media:

concepts, techniques, and

biomedical applications[J]. Photonics: Biomedical Photonics,
Spectroscopy, and Microscopy, 2015: 367-412.

Ma X Y, LuJ Q, Brock R S, et al. Determination of complex
refractive index of polystyrene microspheres from 370 to 1610 nm
[J]. Physics in Medicine and Biology, 2003, 48(24): 4165-4172.
B FEA . Mie ST PRI v S Al o) 1% i O 4% 5 1 (1) DG B BOR BF 5T
(D] i Ki%EFE TR, 2020.

Zeng X W. Key technology for polarization characteristics of
light forward transmission in Mie scattering environments[D].
Dalian: Dalian University of Technology, 2020.

Chu J K, Wu Q M, Zeng X W, et al. Forward transmission
characteristics  in  polystyrene  solution  with  different
concentrations by use of circularly and linearly polarized light[J].
Applied Optics, 2019, 58(25): 6750-6754.



&5 43 % % 18 H1/2023 £ 9 A /%2R

Forward Transmission into Scattering Media by an Improved Polarized
Monte Carlo Program

Zeng Xiangwei', Zhang Yan"?, Yang Junxiu'
'College of Transportation, Ludong University, Yantai 264025, Shandong, China;
*Shandong Deheng Human Resources Co., Ltd., Yantai 264025, Shandong, China

Abstract

Objective Vector radiation transport in scattering media is a research hotspot. The exact analytical solution to the vector
radiative transfer equation cannot be obtained without the simplified treatment, and it needs to be calculated by numerical
calculation methods. The polarized Monte Carlo program simulates the transmission of mass photons. As it does not lead
to computational errors due to finite dispersion, the program is usually employed as a standard to verify the computational
accuracy of other methods. At present, this method can obtain the outgoing polarization state of each light wave after the
solution is obtained, but it is difficult to know the photon transmission situation. This limits the analysis of the polarization
state retention of scattering light. However, photons with good retention characteristics of the polarization state usually
have a small information loss and a long transmission distance. The study and analysis of these photons can be potentially

applied to extract good transmission signals.

Methods This paper proposes a method to count the photon polarization states during forward transmission into
scattering media on the basis of the polarization meridian Monte Carlo program. The original algorithm and improved
algorithm are shown in Fig. 1. The white part is required for calculating both the original algorithm and the improved
algorithm, and the blue part is the additional flow for calculating the improved algorithm. One hundred thousand parallelly
polarized photons or right-handed circularly polarized photons are sent into a slab represented by one particular particle
distribution for each environment, and photons are transmitted at a given distance. Then, the aggregated polarization is
calculated from the photons that arrive in a given area, and photons on the front face of the slab are considered the
transmitted photons. This process continues for all the launched photons, and the result is calculated. For the original
algorithm, a photon completes forward transmission when it passes through a specific forward distance. The improved
algorithm adds a link to output the polarization state of each photon. Moreover, the improved algorithm can count the total

number of received photons and the number of photons similar to the polarization state of the initial photon.

Results and Discussions This paper uses an example to compare the original algorithm and the improved algorithm. The
following simulations are performed in the polystyrene suspension with a mass concentration of 2.08 pg/pm®. The
wavelength of incident light is 532 nm, and polystyrene's refractive index is 1.597. The particle diameter of the
polystyrene suspension is 1 pm in simulation, and the transmission distance 1s 10 cm. One hundred thousand parallelly
polarized photons or right-handed circularly polarized photons are launched for simulations of the original algorithm and the
improved algorithm separately. There are 66358 received photons after the transmission of parallelly polarized photons and
66367 after the transmission of right-handed circularly polarized photons. After that, the first 100 received photons are
selected as samples (Figs. 3 and 4). Calculations show that for the sample data of parallelly polarized photons, the Nyps s
0.13, and for the sample data of right-handed circularly polarized photons, the Ny,s is 0. 53. The calculation results are
both similar to the overall situation. The simulated calculation of polarized light transmission in the polystyrene suspension
demonstrates that the optimized method can not only reflect the change in the photon polarization state but also count the
percentage of photons with good retention characteristics of the polarization state. The comparison between the original
results and the optimization results shows that the results of the optimized algorithm are less than the polarization degree
value. This is because the optimized algorithm not only avoids the error introduced in the calculation of the intensity
difference in the orthogonal component but also excludes photons that are not similar to the polarization state of the initial

photon.

Conclusions Compared with the polarized Monte Carlo program, the improved method can not only reflect the change in
the photon polarization state but also count the percentage of photons with good retention characteristics of the polarization
state. It reflects the change in the polarization state of the transmitted photons in multiple dimensions. This study can

provide technical support for research on the extraction of excellent transmission signals.

Key words scattering; polarization; multiple scattering; transmission; optics in computing
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